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Skeletal muscle exhibits a high plasticity and accordingly can quickly adapt to different physiological and pathological stimuli by
changing its phenotype largely through diverse epigenetic mechanisms. The nuclear receptor corepressor 1 (NCoR1) has the
ability to mediate gene repression; however, its role in regulating biological programs in skeletal muscle is still poorly under-
stood. We therefore studied the mechanistic and functional aspects of NCoR1 function in this tissue. NCoR1 muscle-specific
knockout mice exhibited a 7.2% higher peak oxygen consumption (VO,,,), a 11% reduction in maximal isometric force, and
increased ex vivo fatigue resistance during maximal stimulation. Interestingly, global gene expression analysis revealed a high
overlap between the effects of NCoR1 deletion and peroxisome proliferator-activated receptor gamma (PPARYy) coactivator 1ot
(PGC-1a) overexpression on oxidative metabolism in muscle. Importantly, PPARB/3 and estrogen-related receptor o (ERRa)
were identified as common targets of NCoR1 and PGC-1a with opposing effects on the transcriptional activity of these nuclear
receptors. In fact, the repressive effect of NCoR1 on oxidative phosphorylation gene expression specifically antagonizes PGC-1a-
mediated coactivation of ERRa.. We therefore delineated the molecular mechanism by which a transcriptional network con-
trolled by corepressor and coactivator proteins determines the metabolic properties of skeletal muscle, thus representing a po-

tential therapeutic target for metabolic diseases.

mproved muscle performance is directly linked to a lower prev-
alence of metabolic diseases (9, 50). In fact, while physical exer-
cise and training can lower morbidity and mortality, physical in-
activity has been recognized as one of the main risk factors for
these pathologies (8). Lower whole-body aerobic capacity, muscle
mitochondrial content, and oxidative activity, which all correlate
with a sedentary lifestyle, contribute to the development of meta-
bolic disorders (9, 25, 34, 38). Therefore, maintenance or im-
provement of skeletal muscle function, especially its oxidative me-
tabolism, should be considered among the first interventions in
the treatment and prevention of metabolic diseases.
Skeletal muscle is a highly plastic tissue that can quickly adapt
to different physiological (e.g., exercise) and pathological (e.g.,
overnutrition) stimuli. In fact, muscle fibers can change their gene
expression profile and phenotype to a great extent through diverse
epigenetic mechanisms (3, 6, 31). Accordingly, muscle remodel-
ing is highly regulated by different transcription factors and co-
regulator complexes, which are able to modify chromatin struc-
ture and thereby regulate gene transcription (27, 41). The nuclear
receptor corepressor 1 (NCoR1) is a ubiquitously expressed core-
pressor, originally identified as the mediator of ligand-indepen-
dent transcriptional repression of the thyroid hormone and the
retinoic acid receptor (22). NCoRI interacts with several tran-
scription factors through its receptor interaction domains located
in the C terminus (48). However, because NCoR1 lacks intrinsic
histone deacetylase (HDAC) activity, it regulates gene transcrip-
tion by forming a large protein complex in which G protein path-
way suppressor 2 (GPS2), transducin B-like 1 (TBL1), TBL-re-
lated 1 (TBLR1), and HDACS3 represent the core subunits (52). In
fact, the NCoR1-HDACS3 interaction plays an essential role in the
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control of gene transcription, since HDAC3 is directly activated by
the deacetylase activation domain (DAD) of NCoR1 (23).
NCoRI interacts with different proteins that play an important
role in muscle physiology, such as peroxisome proliferator-acti-
vated receptors (PPAR) and p85a (15, 32), although its role in
skeletal muscle remains largely enigmatic. Cell culture experi-
ments implied that NCoR1 modulates myoblast differentiation
through the regulation of the expression and transcriptional ac-
tivity of several transcription factors, e.g., MyoD, TRal, and Csl
(5, 10, 26). The role of NCoR1 in vivo is not well understood
because Ncorl '~ mice embryos die during gestation (24). Re-
cently, conditional knockout models revealed that NCoRI is an
important player in skeletal muscle and adipose tissue energy me-
tabolism (28, 51). In skeletal muscle, NCoR1 deletion enhances
oxidative metabolism and slightly improves insulin tolerance un-
der a high-fat diet (51). Specific genetic ablation of NCoR1 in
white adipose tissue lowers inflammation and improves whole-
body insulin sensitivity (28). However, the mechanism by which
NCoR1 deletion results in these effects is not well understood.
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NCoRI1 is expressed in adult glycolytic and oxidative muscles at
equal levels (42, 43). Chronic low-frequency stimulation of rat
hind limb and acute endurance exercise in mice repress the ex-
pression of NCoR1 in this tissue (42, 51). Interestingly, by using
knockout mice, it has been demonstrated that the formation of
slow oxidative muscle fibers is negatively regulated by class Ila
HDACs (39), which depend on interaction with the NCoR1-
HDACS3 complex in order to induce protein deacetylation (14).
Consistent with this, the global disruption of the NCoR1-HDAC3
complex in mice results in improved energy metabolism (e.g.,
higher insulin sensitivity and oxygen consumption) and altered
circadian behavior (1). The aim of this study was to further inves-
tigate the role of NCoR1 in different aspects of skeletal muscle
function (e.g., force generation) and, importantly, to elucidate the
elusive mechanism by which NCoR1 regulates oxidative metabo-
lism in this tissue.

MATERIALS AND METHODS

Animal housing and NCoR1 MKO mouse generation. Mice were housed
in a conventional facility with a 12-h night/12-h day cycle with free access
to food and water. All experiments were performed on adult male mice
with the approval of the Swiss authorities. NCoR1 muscle-specific knock-
out (MKO) animals were generated as previously described (51). Briefly,
Neor1™*" mice were crossed with HSA-Cre transgenic mice to gener-
ate NCoR1 MKO mice. Ncorl™*"** animals without Cre expression
were used as control (CON) mice. No overt phenotypic differences be-
tween CON and wild-type (WT) mice were observed. Genotyping was
performed from tail biopsy specimens by PCR using specific primer pairs
to detect the presence of the 5’ and 3" loxP sites. The presence of the 5" loxP
site resulted in an amplicon of 450 bp (WT allele, 403 bp), while the
presence of the 3" loxP site resulted in an amplicon of 346 bp (WT allele,
207 bp) (see Fig. S1A in the supplemental material). Specific primer pairs
to detect Cre recombinase resulted in an amplicon of 320 bp in NCoR1
MKO animals (see Fig. S1A). In addition, using muscle samples, recom-
bination was confirmed by PCR using the forward and reverse primers
used to detect the 5" and 3’ loxP sites, respectively. Consequently, a 246-bp
band was detected exclusively in NCoR1 MKO animals (see Fig. S1B). The
recombination of the NcorlI floxed allele decreased its mRNA specifically
in skeletal and, to a lesser extent, cardiac muscle compared to thatin CON
mice (see Fig. S1C). Importantly, previous work has indicated that the
slight decrease of NCoR1 mRNA in the heart of MKO mice does not affect
cardiac morphology and function (51).

The generation and characterization of transgenic mice expressing
peroxisome proliferator-activated receptor gamma (PPARY) coactivator
la (PGC-1a) under the control of the MCK promoter has been published
(30). These PGC-1a muscle-specific transgenic (mTg) mice exhibita 9.5-
fold increase in skeletal muscle PGC-1oe mRNA (see Fig. S3A in the sup-
plemental material), higher oxidative metabolism, and improved exercise
performance (11, 30).

Exercise performance assessment. Animals were acclimatized to
treadmill running for 2 days. On the first day, mice ran in a closed tread-
mill (Columbus Instruments) for 5 min at 10 m/min with a 0° slope,
followed by 5 min at 14 m/min with a 5° incline. On the second day,
animals ran for 5 min at 10 m/min with a 5° incline, followed by 5 min at
14 m/min. To determine maximal exercise performance and peak oxygen
consumption (VO,,,), indirect calorimetry was performed during a
maximal exercise test. Thus, 2 days after the acclimatization, mice were
placed in a closed treadmill for 6 min at 0 m/min with a 5° incline. Sub-
sequently, the test started at 8 m/min for 3 min with a 5° incline and the
speed was increased 2 m/min every 3 min until exhaustion.

To determine endurance performance, mice were placed in an open
treadmill (Columbus Instruments) for 5 min at 0 m/min with a 5° incline,
followed by 5 min at 8 m/min. Mice ran for 20 min at 60, 70, 80, and 90% of
the maximal speed reached in the maximal exercise test (average of the
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group), and then the speed increased to 100% of the maximal speed until
exhaustion. The endurance test was performed at least 3 days after the maxi-
mal test.

Blood lactate analysis. Blood lactate was measured from the tail vein
of mice fasted overnight (16 h) or fed animals before and after different
time points after treadmill running (see the maximal exercise test) using a
lactate meter (Nova Biomedical).

In vivo measurement of muscle contractility. Grip strength of the
fore and hind limbs was measured with a grip strength meter (Chatillon).
To determine the maximal strength, three measurements were performed
with at least 60 s of recovery between each repetition, and the maximum
value obtained was used for the analysis. To assess isometric fatigue resis-
tance, mice were placed on top of an elevated grid, and the maximum time
that they could remain on the inverted grid was recorded.

Ex vivo determination of muscle contractility. Maximal force and
fatigue resistance of extensor digitorum longus (EDL) and soleus were
measured with a muscle testing setup (Heidelberg Scientific Instruments).
Contraction amplitude was digitalized at 4 kHz with an AD Instruments
converter. After the determination of the optimal length, force generation
of EDL and soleus during a single twitch was measured in response to a
15-V pulse for 0.5 ms. Tetanic contraction was assessed in response to a
15-V pulse at 150 Hz for 400 ms for EDL and 1,100 ms for soleus. Maximal
force and kinetics of the single twitch and tetanus were recorded and
analyzed.

After 10 min of recovery following the tetanic stimulation, fatigue
resistance of EDL and soleus was assessed under two different protocols.
First, a long-interval protocol was performed by stimulating the muscles
with a 15-V pulse at 150 Hz for 350 ms at 3.6-s intervals during 6 min for
EDL and 10 min for soleus, followed by 10 min of recovery. Subsequently,
ashort-interval protocol was performed by stimulating the muscles with a
15-V pulse at 150 Hz for 350 ms at 1-s intervals during 2 min for EDL and
3 min for soleus. Changes in force generation are expressed as a percentage
of initial force (first tetanus) (18).

Cell culture experiments. C,C,, myoblasts were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin (growth medium). To induce dif-
ferentiation, growth medium of 90 to 95% confluent myoblasts was
changed to DMEM supplemented with 2% horse serum and 1% penicil-
lin-streptomycin (differentiation medium). Cells were maintained at
37°C, 95% O,, and 5% CO,.

Experiments using C,C,, cells were performed on fully differentiated
myotubes 4 days after differentiation was induced. For knockdown exper-
iments, different adenoviruses containing specific short hairpin RNAs
(shRNAs) against NCoR1, PGC-1a, PGC-1B, and LacZ (control) were
used. Cells were incubated with the corresponding adenovirus for 24 h,
and then adenovirus-containing medium was exchanged for fresh differ-
entiation medium for another 24 h. In addition, cells were treated for 48 h
with 0.2% dimethylsulfoxide (DMSO) (as a control), 10 pM XCT790
(Sigma-Aldrich) to inhibit estrogen-related receptor o (ERRa), or I pM
GSKO0660 (Sigma-Aldrich) to inhibit PPARB/S, together with the corre-
sponding adenovirus. Three independent experiments each were per-
formed in triplicate.

Luciferase assays were performed on 12-well plates using COS-7 cells
(African green monkey kidney fibroblast-like cells) grown in growth me-
dium without antibiotics. COS-7 cells were used in our experiments as a
heterologous experimental system because of their high transfection effi-
ciency and suitability for expressing constructs containing simian virus 40
(SV40) promoters. Cells were transfected using Lipofectamine 2000 (In-
vitrogen) with 0.1 wg pRL-SV40 (E2231; Promega), 0.3 ug pPPRE X3-
TK-luc (1015; Bruce Spiegelman; Addgene), 0.3 wg pERRE-luc (gift of
Junichi Sadoshima) (36), 0.4 g pBABE puro PPAR delta (8891; Bruce
Spiegelman; Addgene), 0.4 ng pERRa (gift of Vincent Giguere), 0.4 g
pFlag-NCoR (gift of Christopher K. Glass), and 0.4 g pAd-Track HA
PGC-1a (14427; Pere Puigserver; Addgene). The total amount of plasmid
DNA was kept constant at 1.6 pg per well by using the control plasmid

Molecular and Cellular Biology


http://mcb.asm.org

pAdtrack-CMV (ATCC). Twenty-four hours after transfection, cells were
lysed with 250 pl of 1X passive lysis buffer (Promega), and luciferase
activity was measured in 75 pl of lysate in a 96-well plate using the Dual-
Glo luciferase assay system (Promega). Renilla (pRL-SV40) luciferase ac-
tivity was used for normalization. Five independent experiments each
were performed in triplicate.

RNA isolation and real-time PCR. Total RNA was isolated from
C,C,, myotubes, liver, kidney, white adipose tissue, heart, gastrocnemius
(GAS), soleus, plantaris, tibialis anterior, extensor digitorum longus, and
quadriceps from NCoR1 MKO mice or gastrocnemius from PGC-1la mTg
animals using lysing matrix tubes (MP Biomedicals) and TRI reagent
(Sigma-Aldrich) according to the manufacturer’s instructions. RNA con-
centration was measured with a NanoDrop 1000 spectrophotometer
(Thermo Scientific). One microgram of RNA was treated with DNase I
(Invitrogen) and then reversed transcribed using hexanucleotide mix
(Roche) and SuperScript II reverse transcriptase (Invitrogen). The level of
relative mRNA was quantified by real-time PCR on a StepOnePlus system
(Applied Biosystems) using Power SYBR green PCR master mix (Applied
Biosystems). The analysis of the mRNA was performed by the AAC,.
method using TATA binding protein (TBP) as the endogenous control.
Primers used for target genes and TBP had the same PCR efficiency. TBP
transcript levels were not different between genotypes or different exper-
imental conditions. Primer sequences can be found in Table S3 in the
supplemental material.

Mitochondrial DNA measurement. DNA was isolated from gastroc-
nemius using a NucleoSpin tissue kit (Macherey-Nagel). Real-time PCR
analysis was performed to measure COX2 (mitochondrial DNA) and
B-globin (nuclear DNA) levels.

Skeletal muscle staining. Oxidative fibers were detected by NADH
staining of 12-pm cross-sections from the tibialis anterior. Staining was
performed by exposing the sections to 0.8 mg/ml NADH in the presence
of 1 mg/ml nitroblue tetrazolium. Periodic acid-Schiff (PAS) staining was
performed with a PAS kit by following the manufacturer’s instructions
(Sigma-Aldrich).

Protein isolation. Tissue samples were powdered on dry ice and ho-
mogenized with a polytron device in 300 .l of ice-cold lysis buffer (50 mM
Tris-HCI, pH 7.5, 250 mM sucrose, 1 mM EDTA, 1 mM EGTA, 0.25%
NP-40 substitute, 50 mM NaF, 5 mM Na,P,0,, 0.1% dithiothreitol
[DTT], and fresh protease and phosphatase inhibitor cocktail). Samples
then were shaken at 1,300 rpm for 30 min at 4°C. Samples were subse-
quently centrifuged at 13,000 X g for 10 min at 4°C, and the protein
concentration of the supernatant was determined by the Bradford assay
(Bio-Rad). Equal aliquots of protein were boiled for 5 min in Laemmli
sample buffer (250 mM Tris-HCI, pH 6.8, 2% SDS, 10% glycerol, 0.01%
bromophenol blue, and 5% B-mercaptoethanol).

Western blotting. Samples were separated on SDS-polyacrylamide
gels and then transferred to nitrocellulose membranes for 60 min. Mem-
branes were blocked for 1 h in 3% milk, Tris-buffered saline, and 0.1%
Tween 20 (TBST) before overnight incubation at 4°C with the appropriate
primary antibody in TBST (1:1,000 dilution). Proteins were detected with
a primary antibody to p-AMPKa ™72 (2535; Cell Signaling) and AMPKa
(2603; Cell Signaling). As a loading control, eEF2 (2332; Cell Signaling)
was used. Following incubation, membranes were washed 3 times with
TBST before incubation with an appropriate peroxidase-conjugated sec-
ondary antibody in TBST (1:10,000 dilution). Antibody binding was de-
tected using the enhanced chemiluminescence horseradish peroxidase
(HRP) substrate detection kit (32106; Pierce).

Microarray and bioinformatic analysis. RNA from gastrocnemius
was isolated with an miRNeasy minikit (Qiagen), and microarray was
performed using the GeneChip Gene 1.0 ST Array System (Affymetrix). In
addition, gene ontology (GO) analysis was performed with the online tool
FatiGO (http://babelomics.bioinfo.cipf.es/index.html) (2). Finally, mi-
croarray data were analyzed using Motif Activity Response Analysis
(MARA; http://www.mara.unibas.ch/cgi/mara) (47).
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Statistical analysis. Values are expressed as means * standard errors
of the means (SEM). Statistical significance was determined with unpaired
two-tailed £ tests or one-way analysis of variance (ANOVA) with Tukey’s
post hoc test. A P value <0.05 was considered significant.

Microarray data accession number. Microarray data can be found at
the Gene Expression Omnibus (GEO) under accession number
GSE40439.

RESULTS

Muscle NCoR1 deletion enhances VO, during maximal exercise
and decreases muscle contractility. The role of NCoR1 in skeletal
muscle was studied using NCoR1 MKO mice. A full description of
this animal model has been recently published elsewhere (51).
First, we assessed maximal oxidative capacity and treadmill run-
ning performance. Both genotypes exhibited the same exercise
performance during maximal and endurance exercise tests, as re-
flected by equal speed, distance, time, work, and power (see Table
S1 in the supplemental material). However, NCoR1 MKO mice
reached a significantly higher (7.2%) VO,,,., during the maximal
exercise test (CON mice, 125 & 1.2 ml/kg of body weight/min;
MKO mice, 134 = 1.5 ml/kg/min; P < 0.001). In fact, NCoR1
MKO animals showed a higher VO, at 50, 80, 90, and 100% of
maximal speed (Fig. 1A). Blood lactate measurement before and
after maximal exercise, or during fasting, was not different in
NCoR1 MKO mice (see Fig. S2A and B in the supplemental ma-
terial). Consistent with this, respiratory exchange ratio (RER)
measurement during the maximal exercise test did not show dif-
ferences between CON and NCoR1 MKO mice (see Fig. S2C),
indicating that energy substrate utilization was not altered by
NCoR1 deletion. We then performed NADH and PAS staining of
skeletal muscle to determine the proportion of oxidative fibers
and glycogen content, respectively. NCoR1 MKO animals showed
a 10% increase in oxidative fibers compared to CON mice (Fig.
1B), but glycogen content was not significantly affected (Fig. 1C).
Furthermore, we have found higher levels of AMP-activated pro-
tein kinase (AMPK) phosphorylation in skeletal muscle of NCoR1
MKO mice (Fig. 1D). Altogether, these data show that NCoR1
deletion in striated muscle results in an enhanced oxidative me-
tabolism, particularly during high-intensity exercise.

An important aspect of muscle function besides endurance is
the ability to generate force. To assess muscle contractility in vivo,
we measured maximal grip strength of the fore and hind limbs.
We observed a trend for lower peak isometric force generated by
the fore limbs (P = 0.078) and a significant reduction by 11% in
the hind limbs of NCoR1 MKO animals (Fig. 1E). We then quan-
tified muscle fatigue resistance during predominantly isometric
muscle contraction by measuring the maximal time that mice
could remain on an inverted grid. Consistent with the lower max-
imal isometric force, isometric fatigue resistance was also de-
creased in NCoR1 MKO animals (Fig. 1F). To exclude systemic
and neural factors that could affect force generation in vivo, we
also determined muscle contractility in isolated muscles. Absolute
(P < 0.05) and specific (P = 0.056) muscle contractility in re-
sponse to a single twitch was decreased in the glycolytic muscle
extensor digitorum longus (EDL) but not in the oxidative muscle
soleus (Fig. 2A and B). Conversely, when EDL and soleus were
subjected to maximal tetanic stimulation, no differences between
genotypes were observed (Fig. 2C and D). Moreover, the contrac-
tile kinetics of EDL and soleus in response to a single twitch or a
maximal tetanic stimulation were not significantly different be-
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FIG 1 Exercise performance and in vivo contractile properties of NCoR1 MKO mouse skeletal muscle. (A) VO, during the maximal exercise test (n = 8 CON
and n = 7 NCoR1 MKO mice). (B and C) Representative pictures and quantification of NADH (B) and PAS (C) staining of tibialis anterior (n = 3 to 4 CON and
n = 3to4 NCoR1 MKO mice). (D) Representative blots and quantification of gastrocnemius AMPK phosphorylation levels (n = 7 CON and n = 4 NCoR1 MKO
mice). (E and F) In vivo assessment of maximal grip strength and isometric muscle fatigue resistance (n = 13 CON and n = 12 NCoR1 MKO mice). Values
represent means = SEM. P < 0.05 (*), P < 0.01 (**), and P < 0.001 (**) for CON versus NCoR1 MKO mice.

tween CON and NCoR1 MKO mice (see Table S1 in the supple-
mental material).

Finally, muscle fatigue resistance was determined ex vivo by a
long- and short-interval protocol. As expected, soleus exhibited a
lower decrease in force than EDL in the long-interval protocol, but
no differences between genotypes were found (Fig. 2E). Similarly,
soleus had higher fatigue resistance than EDL during the short-
interval protocol. However, in this protocol, EDL from NCoR1
MKO animals exhibited a lower decrease in force generation,
while soleus of NCoR1 MKO and CON mice were identical (Fig.
2F). In fact, in the short-interval protocol, EDL from NCoR1
MKO mice generated ~43% more force from tetanic stimulation
no. 35 to 100 (Fig. 2F, inset), indicating a higher muscle fatigue
resistance. Therefore, it seems that glycolytic muscles are more
susceptible to the effect of NCoR1 deletion on muscle contractil-
ity, resulting in a decreased maximal isometric force and increased
fatigue resistance during maximal stimulation.

NCoR1 and PGC-1a target a common subset of genes in-
volved in oxidative metabolism. The phenotype exhibited by
NCoR1 MKO animals implies a direct link between NCoR1 and
oxidative metabolism. At the transcriptional level, mitochondrial
function is mainly regulated by the PPARYy coactivator 1 (PGC-1)
family of coactivators, which are able to activate different tran-
scription factors, such as ERRa and NRF-1 (29). Interestingly,
NCoR1 MKO mice mirror some aspects of the phenotype exhib-
ited by PGC-1a mTg mice, such as the enhanced oxidative metab-
olism and decreased maximal force (11, 30, 45). To explore the
idea of an NCoR1-PGC-1a cross talk and to further characterize
the oxidative phenotype of NCoR1 MKO mice, microarray anal-
yses of gene expression patterns in NCoR1 MKO and PGC-1a
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mTg skeletal muscles were compared. GO enrichment analysis
revealed overrepresentation of transcripts related to metabolic
pathways, such as oxidative phosphorylation and the citrate cycle
(tricarboxylic acid [TCA] cycle), in both NCoR1 MKO and
PGC-1a mTg animals (Fig. 3A and B; also see Fig. S4A to F in the
supplemental material). Interestingly, when both microarray data
sets were compared, we observed that 188 of the genes affected by
NCoRI1 deletion were also found in the PGC-1la mTg data set,
suggesting that ~50% of the genes regulated by NCoRI are also
targets of PGC-1a (Fig. 3C). When only the genes found with the
GO terms oxidative phosphorylation and citrate cycle (TCA cycle)
were compared, we found that all of the genes present in the
NCoR1 MKO data set were also targets of PGC-1a (Fig. 3C). In-
terestingly, we observed that in both microarrays all of these com-
mon genes were actually upregulated (Fig. 3D and E). Several of
these transcripts were validated by real-time PCR analysis of GAS,
EDL, and soleus (see Fig. S3B and C in the supplemental material),
confirming the results obtained with the microarrays. However,
no fiber type-specific (oxidative versus glycolytic) differences in
terms of regulation of gene expression were observed in NCoR1
MKO mice (see Fig. S3C). Furthermore, skeletal muscle from
NCoR1 MKO and PGC-1a mTg mice had higher transcript levels
of mitochondrial genes involved in oxidative metabolism, such as
cytochrome ¢ oxidase subunit I (COX1), ATP synthase FO subunit
6 (ATP6), and NADH dehydrogenase subunit 1 (ND1I) (Fig. 3F;
also see Fig. S3B). However, no differences in transcription factor
A, mitochondrial (TFAM) mRNA levels, and mitochondrial DNA
content were found as a consequence of NCoR1 deletion (Fig. 3G;
also see Fig. 6A). These results further demonstrate the role of
NCoRI in the transcriptional control of different mitochondrial
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CON versus MKO mice.

pathways and strongly suggest a role of PGC-1a in the control of
the oxidative phenotype of the NCoR1 MKO animals.
Interestingly, the mRNA level of PGC-1a was not different
between NCoR1 MKO and CON mice (Fig. 4A; also see Fig. S5A in
the supplemental material). In contrast, we found an increase in
PGC-1pB and a slight decrease in PGC-1-related coactivator (PRC)
transcript levels in gastrocnemius and soleus from NCoR1 MKO
mice (Fig. 4A; also see Fig. S5A). To dissect the contribution of the
PGC-1 family members to the effects induced by NCoR1 knock-
down, we studied C,C,, myotubes in culture that were virally
transfected with two different shRNAs specifically targeting
NCoRI1 (Fig. 4B; also see Fig. S5B and C and S6A and B in the
supplemental material). We then selectively induced the knock-
down of PGC-1a or PGC-1 with specific shRNA constructs (Fig.
4B; also see Fig. S5B). Similar to the NCoR1 MKO animals,
NCoRI1 knockdown in C,C,;, myotubes also induced an upregu-
lation of succinate dehydrogenase complex, subunit A, flavopro-
tein (SDHa), NADH dehydrogenase 1o (ubiquinone) subcom-
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plex 5 (NDUFA5), NADH dehydrogenase 1@ (ubiquinone)
subcomplex 5 (NDUFBS5), and fumarate hydratase 1 (FH1) (Fig.
4C), in addition to the mitochondrial genes COX1 and ATP6 (Fig.
4C). Surprisingly, NCoR1 knockdown in C,C,, myotubes in-
duced a big increase in PGC-1lae mRNA (Fig. 4B). Importantly,
however, although the simultaneous knockdown of PGC-1a
partially prevented its upregulation, shRNA-mediated reduc-
tion of PGC-1a was sufficient to strongly inhibit the upregula-
tion of SDHa, NDUFAS5, NDUFBS5, FHI, COX1, and ATP6
mRNA induced by NCoR1 knockdown (Fig. 4C). In the cul-
tured muscle cells, NCoR1 knockdown did not alter PGC-1
gene expression (see Fig. S5B), while the opposite was observed
in the NCoR1 MKO animals (Fig. 4A; also see Fig. S5A). In
stark contrast to the knockdown of PGC-1a, the upregulation
of the nuclear and mitochondrial genes induced by NCoR1
knockdown was not significantly affected by the simultaneous
knockdown of PGC-1f in the cultured myotubes (Fig. 4D).
Consistent with the microarray analysis, these results indicate
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FIG 4 Role of PGC-1a/P in NCoRI1 regulation of oxidative metabolism. (A) Gastrocnemius (GAS) mRNA levels of the PGC-1 family of coactivators (n = 7 CON
and n = 5 NCoR1 MKO mice). (B to D) Adenoviral knockdown (KD) of LacZ (CON) or NCoR1 alone or in combination with PGC-1a or PGC-1f KD for 48
hin C,C,, myotubes (n = 3 independent experiments each performed in triplicate). Values represent means = SEM. P < 0.05 (*), P < 0.01 (**), and P < 0.001

(***) for CON versus MKO mice or as indicated.

that NCoR1 deletion enhances PGC-1la action on oxidative
metabolism, probably due to a reduced competition between
NCoR1 and PGC-la for the regulation of common target
genes.

NCoR1 and PGC-1a regulate oxidative metabolism through
opposite modulation of ERRa. Our data suggest that NCoR1 and
PGC-1a target the same subset of transcription factors involved in
the regulation of oxidative metabolism with opposite effects on
transcriptional activation. In order to elucidate potential common
transcription factors of NCoR1 and PGC-1a in skeletal muscle, we
performed motif activity response analysis (MARA) (47) of our
microarray data to predict the core set of transcription factors
which significantly change their activity in response to NCoR1
deletion or PGC-1a overexpression. Consistent with the oxidative
phenotype of these two mouse models, retinoid X receptor (RXR)
and ERRa (also known as Esrra) were among the top 4 most sig-

nificant motifs (z value, =1.5) (Fig. 5A and B; also see Table S2 in
the supplemental material) and exhibited some of the highest lev-
els of activity in response to NCoR1 deletion and PGC-1a over-
expression (Fig. 5C to F). Given that RXRs are the main partners
of PPARs (13), this suggests possible PPARB/d activation in MKO
animals. In fact, PPARB/3 or ERRa in complex with PGC-1a and
PGC-1pB are known to be key players in the regulation of muscle
metabolism (13, 16, 29). In contrast, the role of the transcription
factors with significantly decreased activity (z value, =—1.5) in
NCoR1 MKO and PGC-1a mTg mice (Fig. 5A and B; also see
Table S2) is not well known. Similar to the microarray analysis, the
comparison of both MARA performances showed that 44% of the
transcription factors found in the NCoR1 MKO data set were also
predicted in PGC-1ae mTg MARA; there is actually a larger overlap
among motifs with increased activity (5 out of 9) than among ones
with decreased activity (2 out of 7) (Fig. 5G). In summary, MARA-

FIG 3 Similarities between NCoR1 MKO and PGC-1a mTg mice on oxidative metabolism. (A and B) Top 5 KEGG pathways from GO analysis of the up- and
downregulated genes from the NCoR1 MKO and PGC-1a mTg microarray data sets (n = 5 per group). (C) Venn diagrams showing the overlap between NCoR1
MKO and PGC-1a mTg microarray data sets. (D and E) Heat maps generated using probe set intensities of the overlapping transcripts between NCoR1 MKO
and PGC-la mTg related to the GO terms oxidative phosphorylation (OXHPOS) and citrate cycle (TCA cycle). (F) Real-Time PCR analysis of mRNA levels of
mitochondrial genes of gastrocnemius from CON (# = 7) and NCoR1 MKO (# = 5) animals. (G) Measurement of mitochondrial DNA (mtDNA) content of
gastrocnemius from CON (n = 7) and NCoR1 MKO (n = 5) animals. Values represent means == SEM. P < 0.05 (*) and P < 0.01 (**) for CON versus NCoR1
MKO mice.
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(n = 5 per group). (G) Venn diagrams showing the overlap between NCoR1 MKO and PGC-1a mTg MARA analysis.

based biocomputational prediction strongly suggests ERRa and
possibly the RXR heterodimerization partner PPARB/8 as com-
mon targets of NCoR1 and PGC-1a.

The mRNA levels of PPARB/S, ERRa, and several transcrip-
tion factors revealed by MARA were not increased in NCoR1
MKO mice (Fig. 6A), indicating that increased activity is the con-
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sequence of lower repression rather than of higher expression. In
order to explore the potential repressive effect of NCoR1 on ERR«
and PPARP/S transcriptional activity, we transfected COS-7 cells
with a reporter plasmid containing PPAR response elements
(PPRE-luc) or ERR response elements (ERRE-luc) together with
expression plasmids for PPARB/d and ERRaq, respectively. We
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FIG 6 Role of PPARB/d and ERRa in NCoR1 regulation of oxidative metabolism. (A) Gastrocnemius mRNA levels of different transcription factors (n = 7 CON
and n = 5 NCoR1 MKO mice). RXR, retinoid X receptor; PPAR, peroxisome proliferator activated receptor; ERR, estrogen-related receptor; TFAM, transcrip-
tion factor A, mitochondrial. (B and C) Luciferase activity of PPRE-luc and ERRE-luc reporter plasmids in COS-7 cells cotransfected with PPARB/3, ERRa,
NCoR1, and PGC-1a as indicated in each figure (n = 5 independent experiments each performed in triplicate). (D and E) Adenoviral knockdown (KD) of LacZ
(CON) or NCoR1 alone or in combination with 10 uM XCT790 or 1 pM GSK0660 for 48 h in C,C,, myotubes (n = 3 independent experiments each performed
in triplicate). Values represent means = SEM. P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***) for CON versus NCoR1 MKO mice or as indicated.

next measured relative luciferase activity in the absence and pres-
ence of NCoR1 and PGC-la. As predicted, NCoR1 decreased
PPRE-luc and ERRE-luc luciferase activity by 43 and 36%, respec-
tively (Fig. 6B and C). Inversely, PGC-la induced a significant
increase in PPRE-luc and ERRE-luc luciferase activity, 2,037 and
161%, respectively (Fig. 6B and C). Importantly, we have found
that the activation of both PPRE-luc and ERRE-luc by PGC-1a
was significantly decreased by NCoR1 (Fig. 6B and C). These data
demonstrate that NCoR1 represses the transcriptional activity of
both PPARB/S and ERRa, while PGC-1a competes with NCoR1
to exert a positive effect.

Finally, to study the relative contribution of PPARB/8 and ERRa
to the regulation of the oxidative phenotype exhibited in response to
NCoR1 deletion in muscle, we used the PPAR/ selective antagonist
GSKO0660 (44) and the ERRa inverse agonist XCT790 (33, 49). As
expected, GSK0660 induced a strong decrease in the mRNA level of
the PPARPB/3 target gene uncoupling protein 3 (UCP3) (see Fig. S6A
in the supplemental material), demonstrating the efficiency of the
antagonist and the presence of functional PPARB/S in C,C,, myo-
tubes. Neither NCoR1 knockdown nor GSK0660 treatment changed
PPARB/S mRNA levels (see Fig. S6A). Importantly, however, the in-
duction of SDHa, NDUFA5, NDUFB5, FH1, COXI1, and ATP6
mRNA were not inhibited by GSK0660 in cells with a knockdown of
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NCoR1 (Fig. 6D). Consistent with this, the mRNA levels of different
PPAR/d target genes, like the carnitine palmitoyltransferase 1b gene
(CPT1b), the lipoprotein lipase gene (LPL), and UCP3, were not sig-
nificantly increased in NCoR1 MKO mice (see Fig. S3C in the sup-
plemental material). In contrast, ERRa inhibition with XCT790
completely blocked the effects of NCoR1 knockdown on nuclear and
mitochondrial genes (Fig. 6E). However, unlike the NCoR1 MKO
animals, NCoR1 knockdown induced an upregulation of ERR« in
C,C,, myotubes (see Fig. S6B). This upregulation of ERRoe mRNA
was only partially prevented by XCT790 (see Fig. S6B), indicating that
ERRa activation, rather than its upregulation, is responsible for the
effects of NCoR1 knockdown of oxidative metabolism in C,C,, myo-
tubes. Interestingly, similar to NCoR1 and PGC-1a microarray anal-
ysis, GO enrichment analysis of previously published ERRa chroma-
tin immunoprecipitation (ChIP)-on-chip data from mouse liver (12)
also revealed overrepresentation of transcripts related to oxidative
phosphorylation (see Fig. S4G in the supplemental material). Fur-
thermore, we found a high overlap between the NCoR1 MKO mi-
croarray and the ERRa ChIP-on-chip data sets when comparing the
genes found with the GO term oxidative phosphorylation (see Fig.
S4H). Therefore, these data suggest that ERRa and PGC-1a are es-
sential for the effects of NCoR1 deletion on oxidative metabolism in
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skeletal muscle, while PPARB/8 and PGC-1f seem to play minor
roles in this experimental context.

DISCUSSION

In stark contrast to obese and type 2 diabetic subjects, endurance
athletes exhibit an increased metabolic fitness and consequently
lower risk for metabolic disorders (9, 35). Importantly, most of
the adaptations to muscle use (e.g., endurance training) and dis-
use (e.g., physical inactivity) are under the coordinated control of
different transcription factors and coregulators (7, 19). NCoR1
and its homolog NCoR2 have been recently suggested as impor-
tant modulators of energy metabolism in several tissues, including
skeletal muscle (28, 40, 46, 51). Consistent with this, we observed
that NCoR1 MKO animals exhibit an increased VO, during high-
intensity exercise. Surprisingly, while Yamamoto et al. (51) have
reported improved exercise performance in NCoR1 MKO mice,
we did not observe significant differences in distance, time, or
workin the exercise trial in our experimental context. Considering
the mild effect of NCoR1 deletion on muscle oxidative metabo-
lism, it is possible that small differences in the exercise test proto-
col significantly affect exercise performance. In addition, as pre-
viously shown (51), we observed a higher proportion of oxidative
fibers in NCoR1 MKO skeletal muscle. Interestingly, our data also
indicate a higher activation of AMPK in NCoR1 MKO mice,
which has been associated with enhanced oxidative metabolism
(20, 21). Importantly, we have now demonstrated that NCoR1
controls skeletal muscle oxidative metabolism primarily through
the regulation of ERRa and PGC-1a.

NCoRI deletion in striated muscle led to an increase in the
mRNA content of a broad range of mitochondrial enzymes, thus
supporting its potential role as a negative regulator of oxidative
metabolism. In agreement with this idea, NCoR1 MKO mice re-
capitulate many aspects of the phenotype exhibited by PGC-1a
mTg mice, such as the increased expression of mitochondrial en-
zymes, higher levels of oxidative fibers, and enhanced VO,
during maximal exercise (11, 30, 51). Moreover, as found in
NCoR1 MKO animals, PGC-1a overexpression in skeletal muscle
also results in a reduced maximal force and increased muscle fa-
tigue resistance (30, 45). Curiously, only EDL exhibited a higher
muscle fatigue resistance during the short-interval protocol in
NCoR1 MKO mice. Since EDL is a highly glycolytic muscle, it
might be more susceptible to benefitting from the mild improve-
ment in oxidative metabolism as a consequence of NCoR1 dele-
tion compared to the predominantly oxidative soleus. Analysis of
NCoR1 MKO- and PGC-1a mTg-based microarrays also showed
a high level of similarity between these mouse models, since all of
the upregulated genes related to oxidative metabolism found in
NCoR1 MKO mice were also increased by PGC-1a overexpres-
sion. Hence, our findings indicate that NCoR1 deletion facilitates
PGC-1a action onits target genes. In fact, PGC-1ao mRNA was not
increased in NCoR1 MKO mice, suggesting that the higher tran-
scription of its target genes is not associated with its upregulation.
In contrast, NCoR1 knockdown in cultured cells induced a 133-
fold increase in PGC-1lae mRNA. Hence, it is possible that the
bigger effects of NCoR1 deletion in C,C,, myotubes compared to
those on the mice are a consequence of both upregulation of
PGC-1a and lower competition between these coregulators. Im-
portantly, however, we found that knockdown of PGC-1a, but
not PGC-18, in C,C,, myotubes completely blocked the effects of
NCoR1 knockdown on oxidative metabolism, underlining the es-
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sential role of PGC-1a in this process. Similarly, prediction of the
relative contribution of transcription factors to the gene expres-
sion pattern exhibited by NCoR1 MKO and PGC-1a mTganimals
revealed a significant overlap between these mouse models. Inter-
estingly, RXRs (heterodimerization partners for the PPARs) and
ERRa stood out as top candidates, showing the strongest link to
the control of energy metabolism (13, 16). In fact, Yamamoto et al.
(51) have recently showed that in C,C,, myotubes, NCoR1 is re-
cruited to the PPRE and nuclear receptor half-sites (ERR binding
site) of UCP3 and PDK4 promoter, respectively, though whether
the effects of NCoR1 deletion on gene expression actually depend
on PPARB/3 or ERRa activation was not studied. Here, through
reporter gene assays, we have demonstrated that NCoR1 is a direct
corepressor of both PPARB/8 and ERRa.. Importantly, given that
NCoR1 and PGC-1a compete for the transcriptional regulation of
PPARPB/d and ERRa, our data indicate that these transcription
factors are common targets of both coregulators. Interestingly, we
observed a striking effect of the ERRa inverse agonist XCT790,
since it completely inhibited the increase in the mRNA level of
several mitochondrial enzymes triggered by NCoR1 knockdown
in cultured myotubes. These data are consistent with MARA re-
sults and suggest that ERRa is the main target of NCoR1 in the
control of muscle oxidative metabolism (Fig. 7).

Unexpectedly, we found that the PPARB/S selective antagonist
GSK0660 did not affect the effects of NCoR1 deletion on oxidative
phosphorylation and gene regulation. PPARRB/8 plays an impor-
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tant role in the transcriptional control of lipid metabolism (13).
Intriguingly, our microarray analysis of NCoR1 MKO skeletal
muscle shows a preferential enhancement of oxidative phosphor-
ylation and the TCA cycle compared to the modulation of fatty
acid B-oxidation. Thus, it is conceivable that in our experimental
context of animals fed with normal chow, PPARB/3 played less of
a role than it did in studies using high-fat diets (51) or under
conditions like obesity and physical inactivity. NCoR1 might con-
trol fatty acid metabolism through the transcriptional regulation
of PPARB/8 in an environment of elevated intramyocellular lipids
that could act as PPARB/8 ligands, but this hypothesis needs to be
substantiated in future studies. Overall, it seems that a fully func-
tional ERRa-PGC-1a complex is a prerequisite for the improved
oxidative metabolism induced by muscle-specific NCoR1 dele-
tion, at least in chow-fed mice.

Interestingly, NCoR1 MKO mice have a milder oxidative phe-
notype than PGC-1la transgenic mice. The weaker phenotype is
also reflected in the quantitative differences in gene expression.
Thus, while the muscle knockout of NCoR1 resulted in the up-
regulation of 21 genes involved in oxidative phosphorylation, 83
genes were increased in response to muscle PGC-1a overexpres-
sion. Consistent with this, PGC-1a mTg mice exhibit a higher
increase in VO, (24%) (11) than NCoR1 MKO animals
(7.2%). However, it is important to note that NCoR1 is a basal
corepressor, thus it represses transcription factors under basal
conditions, and it is exchanged by coactivators upon a positive
stimulus (17, 37). Therefore, our data suggest that under basal
conditions, NCoR1 deletion would not result in a full activation of
PPARR/8 and ERRa, which subsequently could be amplified by a
positive stimulus, such as exercise, that is well known to increase
PGC-1la expression (4) and thereby unleashes the full activity of
these transcription factors.

In conclusion, our data indicate competition between NCoR1
and PGC-1a in the regulation of PPARB/d and ERRa transcrip-
tional activity in skeletal muscle, of which the regulation of ERRa
represents the predominant regulatory mechanism of oxidative
metabolism during basal conditions (Fig. 7). The elucidation of
different pharmacological or nonpharmacological (e.g., exercise
training) strategies to modulate NCoR1 activity and thus facilitate
PGC-1la action represents an attractive strategy for the treatment
of metabolic diseases.
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